For example, the multiple exciton generation (MEG) effect, observed in quantum dots (QDs), could have the potential to boost the Shockley-Queisser efficiency limit from 33.7% to 44.0%. [4, 5] Nanostructured absorbers, featuring subwavelength features, can achieve an absorption enhancement factor higher than the conventional ray-optic limit across a broadband range of wavelengths, which opens an entirely new way of designing highly efficient nanostructured solar cells. [6, 7] Meanwhile, the utilization of nanostructures can improve carrier collection by promoting the separation of photogenerated carriers and shortening the diffusion length of charge carriers using core-shell architectures. [8] However, despite the advantages of nanostructures, at present the efficiency of these solar cells remains lower than that of first-and second-generation devices. Compared with commercially available Si wafer photovoltaics, whose energy conversion efficiency can reach 25.6%, the record energy conversion efficiency of a nanostructured Si solar cell is only 22.1%, which is still far from the Shockley-Queisser efficiency limit of 32.0%. [9, 10] This limited performance is due to the fact that most nanostructures bring accompanying optical or electrical losses to solar cells (Figure 1) . [11] [12] [13] [14] [15] In fact, most nano-based solar cells have relatively low open-circuit voltages (V OC ) and a disproportionate enhancement of the short-circuit current density (J SC ) compared to the absorption enhancement via light-trapping nanostructures. Therefore, in order to avoid the counterbalance of optical and electrical gains by the accompanying losses associated with nanomaterials, it is necessary to look beyond singularly focused optical or electrical promotion schemes, and instead shift toward the concurrent design of electrical and optical properties using a combined perspective to achieve highly efficient nanostructured solar cells.
Introduction
Due to rapid population growth, global power consumption is estimated to double by the year 2050. [1] To meet the world's growing energy demands, we must exploit continuous, ecofriendly, and cost-effective energy resources. Solar energy is the most inexhaustible and omnipresent energy source for generating electricity and clean fuels. A solar cell is one of the most promising solar devices, since it can directly convert the sun's radiation into electricity using the photovoltaic effect with minimal safety hazards and detrimental impacts on the environment. The success of solar cells as a renewable energy technology arguably rests on the cost and efficiency of solar energy production. Third-generation photovoltaic technologies aim to produce devices that feature high energy conversion efficiencies, but at low cost (potentially to 0.20-0.30 $ per W). [2] Nanostructures produce unique optical and electronic properties, which have the potential to meet the goals of efficiency via nanostructures for the concurrent improvement of optical and electrical properties in solar devices. [25] [26] [27] [28] [29] In this work, we emphasize the importance of addressing the accompanying losses caused by the incorporation of nanostructures. We propose several schemes to fix and avoid these losses, which we classify into three groups. Only after we are able to overcome the optical and electrical tradoffs in solar devices will the true potential of nanostructures be revealed. This review summarizes the progress and challenges encountered in the development of photovoltaics based on nanostructures. We present recent developments in the field of nanostructured solar cells from both optical and electrical perspectives, beginning with an introduction to the major contributors of efficiency loss in conventional solar cells. Then, in order to guarantee enhanced energy conversion efficiency via the incorporation of nanostructures, we postulate that it is essential to develop a concurrent optical and electrical design. In this regard, we have proposed several schemes that can be classified into three groups to fix and avoid the accompanying losses induced by nanostructures that can significantly affect device efficiency ( Figure 1 ). These groups include: a) there must be much larger optical/electrical gains than there are accompanying optical/ electrical losses; b) accompanying optical/electrical losses induced from nanostructures should be reduced or eliminated; and c) there can be no accompanying optical/electrical losses due to the use of nanotechnology. We review recent advances in concurrent optical and electrical design in solar devices and classify these works among these three principles (Section 6). Finally, we conclude this review by suggesting certain guidelines for designing high performance nanostructured solar cells.
Major Losses in Solar Devices
Solar energy conversion efficiency refers to the portion of solar energy converted into electricity via the solar device, which is determined by light absorption, photocarrier generation, and carrier collection. Any losses during the conversion process reduce device performance and can be optical or electrical in nature.
Optical losses include photons which cannot be collected or converted into photocarriers by the active layers of the solar cell, which has a major impact on J SC . Reflection of incident light from the top contacts and interfaces of each layer in the solar cell (e.g., emitter layer, active layer, electrodes), parasitic absorption, and transmission through the device are three possible mechanisms of optical loss.
Reflection of light at an interface between two different media depends on the refractive indices of the materials. As an example, consider the most popular solar cell material: single crystalline Si (c-Si). Due to the high refractive index of Si (n = 4.08 at 550 nm), more than 36.7% of incident light is reflected back into the air from the surface of Si solar cells. [30] Packaging glass with a refractive index closer to 1.5 can help reduce reflection due to the step-down profile of the refractive index from the Si substrate to the air. However, reflection losses increase with the angle of incidence. Traditional antireflective (AR) coatings and flat packaging glass only minimize reflectance in a limited range of wavelengths and at nearly normal incident angles. [31] Incident light can only generate photocurrent when it is absorbed within the carrier diffusion length of the junction in the active layer of the solar cell. Absorption in non-active layers, such as the AR coating, the highly doped n-and p-type emitter layers, the transparent conducting electrodes, and the back reflector electrodes, is considered parasitic absorption, which limits further gains in current density. For example, the use of Spiro-OMeTAD as a hole transport layer on the front of perovskite/Si tandem solar cells causes a 1.5 mA cm −2 loss in J SC . [32, 33] Transmission losses are caused from insufficient absorption due to an overly thin active material layer or incident photons that have lower energy than the bandgap of the absorber. Solar cells can be made thicker to reduce transmission losses. However, as photons are absorbed more than a diffusion length's distance from the p-n junction, the probability of carrier collection becomes low, and the photocarriers will not contribute to J SC . Accordingly, the optimized thickness of the active layer is always a tradeoff between light absorption and charge carrier extraction, especially for those materials with low carrier mobility, such as organic materials. [34] In conventional single junction solar cells, photons with energies less than the bandgap of the semiconductor cannot be absorbed, which is around 23.0% energy loss for a Si single-junction solar cell. [35] In contrast, when the photon energy is higher than the bandgap, the excess energy is given off as heat, because the www.advancedsciencenews.com electron/hole pair relaxes to the conduction/valence band edge, which is referred to as thermalization loss and accounts for ≈33.0% of the energy loss in single-junction Si solar cells. [35] Electrical losses occur mainly from carrier recombination and affect both J SC and V OC due to the increased forward-bias injection current. Recombination losses can happen within the bulk of the solar cell, at the surfaces, and within the depletion region. Recombination that occurs in the depletion region is less significant as compared to surface and bulk recombination due to the presence of a built-in electric field. The combined effects of surface (τ s ) and bulk recombination (τ b ) give the effective lifetime of the carriers (τ eff ) within a sample, which can be expressed as:
Carrier recombination in bulk includes radiative band-to-band recombination, non-radiative Auger recombination, and ShockleyRead-Hall (SRH) recombination, which is the recombination through defects, like dislocations or impurity atoms. The effective bulk carrier lifetime is calculated from the radiative (τ rad ), Auger (τ Auger ), and SRH lifetimes (τ SRH ) according to Eq. (2):
Surface recombination plays an important role in determining the performance of nanostructured solar cells due to their high surface-to-volume ratio. Moreover, in order to reduce the cost of solar electricity, the c-Si photovoltaic industry is moving toward the use of thinner wafers (100 µm to 200 µm) to achieve high efficiency in a more cost-effective manner. [36] With decreased solar cell thickness, controlling surface recombination becomes even more critical to device performance. In order to achieve high efficiency, it is imperative to develop effective methods to reduce or eliminate electronic losses at the surfaces or interfaces of the solar cell, which will be discussed in the following section.
Different types of solar cells have different major losses, whether optical or electrical, which need to be addressed to improve device performance. The optical and recombination losses in solar cells can be evaluated from external quantum efficiency (EQE), reflectance, and absorptance spectra. Figure 2 shows some examples of the distribution of these losses over the entire solar spectrum for a Si heterojunction (hydrogenated amorphous Si (a-Si:H)/c-Si), a CdTe, and a pervskite solar cells. As can be seen, the presence of the transparent conductive oxide (TCO) electrode and the a-Si:H emitter and passivation layers on the front side of the Si heterojunction cell cause considerable optical losses in the device due to parasitic absorption. This has motivated researchers to minimize the losses caused by TCO and a-Si:H, such as by replacing these materials with a-SiO x :H and MoO x , [37, 38] or by using an interdigitated back contact (IBC) design. [10] In 2017, Kaneka scientists surpass 26.3% for Si solar cells by combining Si heterojunction technology with the IBC concept, showing a marked improvement Figure 1 . Thermodynamic losses in solar-energy conversion are listed in the lift-hand column. The maximum efficiency realized for a conventional single-junction solar cell is 28.3% (indicated in green). Possible solutions for reducing the thermodynamic losses are listed in the middle column. Adapted with permission. [42] Copyright 2012, Nature Publishing Group. The potential losses in a solar cell, accompanied by possible solutions, are listed in the right-hand column. In order to achieve final performance enhancement, three principles for concurrent optical/electrical design are listed in the bottom row.
www.advancedsciencenews.com in J SC , from 39.5 mA cm −2 (for a cell featuring a conversion efficiency of 24.7%) to 42.3 mA cm −2 . [10, 39] The reflection and recombination losses are considerably less than those caused by parasitic absorption of the carbon rear electrode and especially in the CdS layer (Figure 2b ). [40] So far, many thin-film solar cells such as CdTe, Cu(In,Ga)Se 2 (CIGSe), Cu 2 ZnSnS 4 (CZTS), Cu 2 ZnSnSe 4 (CZTSe), and Cu 2 ZnSn(S,Se) 4 (CZTSSe) using CdS as electron conducting (hole blocking) materials have resulted in the high conversion efficiencies. The efficiency can be further boosted by incorporation of alternative wide bandgap buffer layers. Non-toxic binary or multinary Zn(S,O,OH), ZnMgO, TiO 2 have been successfully employed. [41, 42] The parasitic absorption of SnO 2 :F (FTO) and reflection are major current losses in perovskite solar cells (Figure 2c ). In combination of Ag-mesh with high-conductivity transparent conducting polymer can be readily fabricated for wide application in thin film devices. [43] In order to efficiently boost the energy conversion efficiency of solar devices, it is necessary to have a comprehensive understanding of the limiting factors in solar devices and where they come from in order to develop better guidelines for device design.
Photon Management Schemes
Photon management aims to improve the efficient utilization of photons to minimize optical losses, which can be implemented in two ways. One way is to broaden the availability of the solar spectrum, thus avoiding transmission (i.e., hν < bandgap) and thermalization losses (i.e., hν > bandgap). The second strategy is to increase the absorption probability of impinging photons. Researchers have employed various photon management schemes with the use of nanostructures, which we review as follows:
Antireflective Nanostructures
With nanostructured solar cells, it is possible to break the Shockley-Queisser limit, due to the extraordinary architectures and optical properties of these unique materials. [44] For example, ordered Si nanowire arrays can increase the path length of incident solar radiation by up to a factor of 73, which is above the randomized scattering limit (i.e., the Lambertian limit, 2n 2 ≈ 25 without a back reflector, in which n is the refractive index). [45] Many different morphologies of nanostructures, such as nanowires, [46] nanopillars, [47, 48] nanodomes, [49] and nanocones [50] have been employed to increase the absorption of light.
The geometrical parameters of the nanostructure play an important role for omnidirectional and broadband AR (Figure 3) . [51] To suppress reflection, it is necessary to make a continuously graded refractive index, i.e., to gradually decrease the refractive index from the semiconductor to the air. As the wavelength of incident light is much higher than the feature sizes of the nanostructures, effective medium theory (EMT) . The absorptance spectra of the solar-cell component layers and reflectance spectra calculated assuming a textured structure (R tex ) determined from the anti-reflection condition method are shown by the black lines. Reproduced with permission. [40] Copyright 2016, American Institute of Physics.
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can be used to explain the low reflectance achieved. With EMT models, the graded refractive index of nanostructured AR coatings is attained by a gradual change in geometry, from top to bottom. Their gradient of refractive index allows more photons to enter the entire device, thus increasing the amount of light that can be absorbed. A perfect AR coating should be broadband, omnidirectional, and polarization-insensitive to light. The total reflectance of Si can be reduced to as low as 3% for wavelengths between 200 nm and 850 nm by using nanowire structures, which feature a gradual change in their refractive index profile normal to the surface. Using these nanowires, both transverse-electric (TE) and transverse-magnetic (TM) reflectance remains below 0.1% for incident angles of up to 55° at 528 nm, exhibiting superior omnidirectionality polarizationinsensitive AR properties. [46] 
Incorporation of Resonators
Resonance absorption, including dielectric and metallic resonators, and photonic crystals, can redirect and confine light at active regions in solar cells to enhance absorption. This effect is widely used to achieve efficient light trapping in thin-film solar cells. [52] Plasmonic resonance is the resonant oscillation of free electrons by incident light at the boundary of a metal and a non-conducting dielectric or semiconductor material. Metallic plasmonic resonance can be incorporated into solar cells in several different forms, including by light scattering, light concentration (i.e., localized plasmonic resonances (LPRs)), and excitation of surface plasmon polaritons (i.e., surface plasmonic resonances (SPRs)). The strong enhancement of the localized field by the confinement of a surface plasmon around the plasmonic structure can increase the absorption of the surrounding semiconductor materials. [53] Placing the metallic nanoparticles within the p-n junction would better match the position of light absorption and depletion areas, which would generate greater photon-to-photocarrier conversion efficiency (Figure 4b ). Metallic nanostructured thin films support SPR modes that travel in parallel to the interface of the metal-semiconductor, providing strong nearfield enhancement of electromagnetic fields inside the semiconductor layer, which leads to significantly increased absorption in that zone (Figure 4c ). [54] Simulation results show that the absorption of 200 nm thick Si thin films can be enhanced by a factor of 2.5 for light in the near bandgap wavelength region by using a single 100 nm wide groove as a nanostructured plasmonic resonator under the Si film. [55] In practice, researchers have shown that an a-Si thin film solar cell, just 280 nm thick, can absorb 94% of the light from the 400 nm to 800 nm region via the plasmonic response of a nanodome-structured Ag back contact. [49] By altering the geometric design and composition of metal nanostructures, LPRs can be manipulated to the desired optical characteristics. The geometries of nanoparticles with sharp edges (e.g., nanocubes and nanopyramids) give rise to intense near-field enhancements localized at the edges and corners of the nanostructures, [56] which are ideally suitable for concentrating light in a solar cell (Figure 4d ).
Since the enhancement of the electric field deteriorates quickly with distance from the metallic nanostructure-semiconductor interface, it is important to consider where to introduce metallic nanostructures in the solar device. [57] It is challenging to integrate plasmonic structures on the front or middle of solar cells because of the optical losses from the metallic structures (i.e., reflection, Figure 4a) www.advancedsciencenews.com associated with metallic nanoparticles and nanostructures, dielectric nanophotonic resonators utilizing Mie resonances have been employed to couple leaky optical modes into the active layer, thus reducing the reflectance of the device to less than 8.0% over the entire spectral range. [58] Recently, Atwater's group proposed a novel concept of introducing broadband light absorption in thin-film solar cells by coupling whispering gallery modes (WGMs) in periodic nanosphere arrays into resonant guided modes in the active layers of solar cells (Figure 4e,f) . [59] In practical application, a periodic dielectric nanosphere array on top of a ultra-thin film a-Si absorbing layer improved the weighted absorption, from 23.8% to 39.9%, compared to a bare a-Si film. [60] The enhanced absorption was attributed to the coupling of the incident light with the lateral propagating modes, in which optical confinement was provided by the contrast of the refractive index between the quantum-well-like layers of the resonant sphere array, active material, and back contact stacked in the vertical direction. Although the resonant optical modes in the active layer of a solar cell can be modified to match the peak energy emission wavelength of sunlight by altering the materials or their geometries, achieving broadband absorption enhancement is still challenging due to the discrete nature of resonant modes. Therefore, many researchers have attempted to extend the resonant modes into a broadband response by combining resonators with different geometries, materials, or resonant principles. [61, 62] 
Incorporation of QDs
Two of the major energy loss mechanisms in solar cells that lead to low energy conversion efficiencies include: (1) the inability to absorb photons with energy less than the bandgap; and (2) the thermalization of charge carriers generated by the absorption of high-energy photons. These fundamental spectral losses account for approximately 56.0% of the energy loss in solar devices, [44] as indicated in Figure 1 .
QDs are unique nanomaterials that feature a tunable bandgap due to the quantum confinement effect, which makes them candidate materials for helping solar cells to surpass this limitation of 56.0% fundamental energy loss. [63] QDs possess several excellent optical properties, such as high absorption coefficients, MEG, and spectral conversion. Spectral conversion by QDs includes downconversion, downshifting, and upconversion. Figure 5a -c presents the mechanisms of each spectral conversion and their general utility within a solar cell.
The downconversion process is useful in solar cells because it helps reduce thermalization and surface recombination losses of high-energy photons, which have a short absorption depth near the surface. [64] Downconverting materials, like QDs, can absorb one photon with an energy larger than the bandgap of the solar cell's active layer and transform it into two or more photons of lower energy (Figure 5a ). Solar cells can more efficiently convert these low-energy photons to photocarriers www.advancedsciencenews.com because there is reduced thermalization and surface recombination effects at lower energy. With downconversion, a theoretical maximum energy conversion efficiency of 39.6% can be achieved for a solar cell that has a bandgap of 1.05 eV. [65] In practice, incorporated pentacene singlet fission as the downconvertor for Si solar cells produces an EQE of 106% at the main absorption peak of pentacene. [66] Organic singlet fission spontaneously converts one spin-singlet exciton from blue light into two spin-triplet excitons. A triplet exciton yield of 200% has been observed in pentacene. [67] The EQE of the parallel tandem cell exceeds 100% because of the high IQE of the pentacene cell. [66] Downshifting is similar to downconversion, except that one high-energy photon is absorbed and converted into a single lower-energy photon, which also reduces surface recombination losses (Figure 5b ). Tsai et al. achieved an efficiency of 13.2% in a Si/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) hybrid solar cell by employing graphene QDs (GQDs) as a downshifter in the PEDOT:PSS layer. From the photoluminescence (PL) excitation spectra, it is evident that GQDs absorb near the UV-Vis region (373 nm) and emit strong luminescence in the visible region (451 nm). [25] Incorporating GQDs into solar cells increases the utilization of highenergy photons by increasing absorption in the UV-Vis, and emitting lower energy photons that can be absorbed by the solar cell's active material, and reducing surface recombination due to the greater absorption depth of the emitted light. From the EQE spectrum, there is a peak of EQE enhancement at 400 nm, which was attributed to photon-downshifting behavior. This is consistent with the absorption and the PL excitation spectrum of the GQDs. [25] In addition to the short-wavelength spectral response improvement, downshifting or the conversion of high energy UV photons to the visible region can also enhance the stability of dye-sensitized solar cells (DSSCs) or those based on perovskite materials, which can easily degrade upon exposure to UV light. For example, researchers have shown that phosphor nanoparticles sprayed on top of DSSCs can serve as an optical filter, allowing the transmission of visible light while absorbing destructive UV wavelengths. [68] Similarly, QD converters can be readily incorporated into various kinds of solar cells for enhanced efficiency. [69] On the other hand, upconversion is the process in which more than one photon with an energy below the bandgap of the solar cell material is absorbed by an upconverter material and later re-emitted as a higher energy photon that can be utilized by the solar cell, thus reducing transmission losses ( Figure 5c ). Upconversion in such materials as C 3 N 4 QDs can be observed upon irradiation by near infrared (NIR) light and the subsequent emission of higher-energy PL. For example, upon irradiation with 700 nm to 820 nm NIR light, C 3 N 4 QDs emit visible light in the region of 350 nm to 600 nm. [70] With www.advancedsciencenews.com the aid of an upconverter, c-Si solar cells can theoretically reach a maximum efficiency of 40.2%. [71] Another way to produce high-energy photons more efficiently is via MEG, in which one photon with an energy larger than twice the bandgap yields multiple electron-hole pairs that feature the bandgap energy (Figure 5d ). [72] Note that in the event of MEG, IQEs of greater than 100.0% can be achieved, since two or more electronhole pairs can be generated per incident photon. Several groups have demonstrated MEG in QDs, [4, 65, 73, 74] and others have gone on to apply this effect to solar cells. For example, Sambur et al. reported an IQE greater than 100.0% in a QD-sensitized photovoltaic system, consisting of a monolayer of PbS QDs chemically bound to TiO 2 single crystals. [73] Semonin et al. also demon strated enhanced photocurrent from MEG in PbSe QD-based solar cells. In this work, the associated IQE curves exhibited short-circuit collection yields of around 85.0%, until the photon energy surpassed the MEG threshold, at which point the IQE began to rise, which occurred when the photon energy was approximately 3 times the bandgap. After this MEG threshold was reached, the IQE rose to a peak efficiency of 130% (Figure 5e and 5f). [4] Since the optoelectronic properties of QDs change as a function of both size and shape, testing the spectral conversion of different size and shape of QDs is high priority to maximize the benefits of QDs as spectral convertors in different solar cells. For example, electron-hole pairs generated by photons of visible light are collected more efficiently than generated by photons of UV light in the Si solar cells. The size and shape of QDs should be controlled to convert high-energy photons to visible light.
Electrical Improvement: Promoting Carrier Separation, Transfer, and Collection
After light absorption, several other major factors dictate the overall device performance, including the subsequent separation of excitons/photocarriers in the junction, as well as their transfer and collection toward opposing electrodes. Fast and efficient charge separation, transfer, and collection are essential to achieve high power conversion efficiency. Nanostructures featuring a core/shell architecture can increase the efficiency of carrier collection by providing a carrier collection distance that is either smaller or comparable to the minority carrier diffusion length. The morphology of the donor/acceptor architectures affects the transfer and collection of free carriers as well. By optimizing the configuration and morphology of donor/ acceptor structures, the probability of carrier collection can be effectively increased.
Improving the Carrier Transfer/Collection Efficiency
There are two effective routes to increasing the efficiency of carrier transfer/collection. The first is by controlling the junction interface, and the second involves modifying the collection distance between the p-n junction and the location of photocarrier generation.
Control of the Junction Interface
After separating excitons/photocarriers, a well-defined junction interface is required to avoid recombination during carrier transfer. A well-structured interface of hybrid materials largely enhances charge separation and transfer efficiency. Generally, the material configuration of organic and QD solar cells is a disordered blend formation. Figure 6a shows the most common types of bulk heterojunction organic photovoltaic devices. When a disordered bulk heterojunction is employed, the carrier recombination rate increases due to the discontinuous pathways for charge transport and the disorganization of the donor/acceptor energy levels.
Researchers have recently advanced our understanding of the more exact relationship between cell efficiency and morphology. [75] [76] [77] [78] www.advancedsciencenews.com performance (Figure 6b ). This kind of highly ordered morphology provides efficient charge transfer pathways and organized band structures. Several methods are available to control the interface between the donor and acceptor phases, such as by post-process treatments (e.g., thermal and external field treatments), [79] [80] [81] deposition methods (e.g., a roll-to-roll process), [82] and the appropriate choice of processing solvents. [83] Based on simulation, an ordered morphology was found to increase the peak IQE that could be achieved by the device, which was around 1.5 times higher compared to a disordered morphology. [75] The two phases of the donor and acceptor materials morphology has been found to be very important for organic solar cells. The carrier lifetime can be largely controlled by the phase morphology. [84] Peet et al. introduces morphology control of bulk heterojunction materials by incorporating small concentrations of alkanethiols. The steady-state and transient photoconductivity in films with alkanethiols are larger than the values of films without alkanethiols by approximately a factor of two, indicating improved charge transport. The power-conversion efficiency of photovoltaic cells is increased from 2.8% to 5.5%. [83] Deposition and synthesis strategies of QDs have appreciably influenced the electrical properties of solar cells due to the distribution of the QDs in the active material. [85] [86] [87] [88] With this in mind, Ren et al. compared randomly blended versus bound versions of a CdS QD and crystalline poly(3-hexylthiophene) (P3HT) nanowire system (Figure 6c,d ). The solar cell with the well-defined interface of P3HT nanowires and bound CdS QDs, produced via solvent-assisted grafting and ligand exchange, improved the electronic interaction between the donor and acceptor components, resulting in significant improvement in J SC and V OC (Figure 6e) . [85] In the case of the randomly blended P3HT and CdS QDs, performance was worse because there was no ordered carrier transfer interaction. In contrast, when CdS QDs were grafted onto the surface of the highly ordered P3HT nanowires, it increased the interaction between these two materials and created a large number of interfaces for charge transfer to occur.
Control of Carrier Collection Distance: Core-Shell Structures
The efficiency of electron/hole pair separation and collection is determined by whether the carriers can diffuse into the depletion regions. Radial junction architectures feature short collection distances, and theoretically they have charge collection efficiencies near unity and are highly defect tolerant. [89] He's group has demonstrated how collection distance impacts carrier collection by testing different hybrid solar cells structures (Figure 7a,b) . [90] In the case of P3HT-infiltrated Si nanowires (Figure 7a ), which feature a radial junction between P3HT and c-Si, the IQE shows an enhancement over a broadband of wavelengths due to the more efficient separation of excitons and collection of free carriers. However, since the exciton diffusion length in P3HT is only around 15 nm, the optimum exciton collection distance should be approximately the same length. As a result, the IQE shows a significant improvement at wavelengths from 400 nm to 800 nm by using a core-shell architecture due to the further reduction of the P3HT collection distance (i.e., the thickness of the P3HT shell). This suggests that controlling the collection distance can induce a dramatic enhancement for those materials that have a short diffusion length. For example, Lieber's group studied the performance of single nanowire solar cells featuring either a radial or axial p-i-n junction (Figure 7c and 7d) . [91, 92] They found that the efficiency of the nanowire with a radial p-i-n junction was approximately 5 times higher than that of the nanowire with an axial p-i-n junction, due to the improved photocurrent. The 5 times higher J SC observed in the radial versus axial p-i-n junction nanowire is believed to be caused by the differences in absorption and charge separation and extraction efficiency, or some combination of both. [93] The carrier collection distance along the radial direction is smaller or comparable to the minority carrier diffusion length, [91, 94] hence photogenerated carriers can reach the depletion regions with high efficiency, facilitating their collection. In contrast, the axial configuration forces the carriers to travel a further distance, greater than their diffusion length, which results in a lower collection efficiency.
Overall, for those solar cells fabricated with established techniques, but that are still limited by the Shockley-Queisser limit, such as Si, III-V, or CIGS solar cells, nano-based schemes aim to increase the device efficiency beyond this boundary. To broaden the availability of the full solar spectrum, such as by avoiding transmission (i.e., hν < bandgap) and thermalization losses (i.e., hν > bandgap) remains the critical tactic. Incorporation of nanoscaled AR structures or QDs that feature MEG are both potential ways to achieve this goal.
For solar cells that remain far below the Shockley-Queisser limit, such as dye-sensitized or organic solar cells, low-cost nano-based techniques can be introduced to address some issues that are particular to these kinds of devices (e.g., insufficient dye loading on electrodes that have low surface area, and short diffusion lengths of around 3-10 nm that are typical for organic semiconductors, etc.). In this regard, well-defined coreshell nanostructures can provide large surface area with short diffusion lengths to improve device performance. To further enhance the light absorption in solar cells, the incorporation of resonators can couple the incident light with lateral propagating modes, prolonging the interaction of light within the active layers.
Based on these advances, it may seem obvious to employ different nanostructures into various types and generations of solar cells, however, the technology is not yet mature. The efficiencies of most proof-of-principle devices remain well below those of solar cells made without the incorporation of nanotechnology. Learning how to employ nanostructures in the most appropriate way has become an essential challenge in order to take advantage of the beneficial effects of these unique materials.
Optical/Electrical Tradeoffs of Nanostructured Solar Cells
Despite the tremendous benefits offered by nanostructures, until now the performance of nanostructured solar cells has failed to show promising results. The main reason is that the use of nanotechnology accompanies optical or electrical www.advancedsciencenews.com tradeoffs, which result in efficiency losses for the solar cell, thus counterbalancing any gain generated by the use of nanostructures. For example, nanostructured active layers, like core-shell architectures, are expected not only to enhance light absorption, but also to promote carrier collection. Many researchers have proposed that semiconductors with subwavelength dimensions could exceed a thermodynamic limit of light trapping. [8, 95] However, the prevalence of carrier recombination in nanostructured solar cells results in electrical losses that counteract the optical gains, therefore it is difficult for such devices to exceed the J SC and efficiency of conventional solar cells made using standard AR coatings. [96] [97] [98] [99] Even the world record Si-nanostructured solar cell, made with Al 2 O 3 as an AR and passivation layer, featured a J SC and energy conversion efficiency of only 0.2 mA cm −2 and 0.1% higher than a solar cell made with traditional micropyramidal structures. [9] The fundamental problem is the increased surface recombination of nanostructures, which leads to a corresponding decrease in the Voc of nanostructured solar cells. The following equations describe the relationship of Voc and carrier lifetime: [90] Copyright 2011, American Chemical Society. c) J-V characterization of the p-i-n radial junction of a Si nanowire photovoltaic device. Reproduced with permission. [91] Copyright 2007, Nature Publishing Group. d) J-V characterization of the p-i-n axial Si nanowire photovoltaic device, in which the length of i = 0 µm (red), 2 µm (green), and 4 µm (black). Reproduced with permission. [92] Copyright 2008, American Chemical Society.
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and the lack of thermal stability. In addition, there are many metal oxide materials providing promising passivation effects. However, the insulating nature of these layers appears to result in a decrease of J SC and FF due to the low conductivity. Therefore, when choosing a passivation layer for reducing the recombination of solar cells, it is important that the optical/ electrical properties of the material should be simultaneously considered.
In order to boost the photocarrier collection efficiency, the collection distance should be similar to the diffusion length of the minority carrier. However, the device's absorbance also shows a strong dependence on the feature size of the nanostructures (e.g., diameter of the nanowires). [101] For example, while thin nanowires may have ideal diameters for improved carrier collection, they might not be able to absorb sufficient sunlight over broad wavelengths, demonstrating the tradeoff between absorption and carrier collection when engineering solar cell nanowire arrays.
Incorporation of QDs with tunable bandgaps can improve optical absorption, but the tunable band edge also affects carrier transfer for another efficiency tradeoff. For example, Kongkanand et al. demonstrated that charge injection from CdSe QDs into TiO 2 can be controlled using the QD size. Although QDs with large diameters broaden the absorption spectrum of light, QDs with a small diameter are capable of injecting electrons into TiO 2 at a faster rate. [63] These studies indicate that when designing highly efficient nanostructured solar devices, it is necessary to simultaneously consider the impacts on both optical and electrical properties.
Concurrent Design in Optical and Electrical Properties
There are several schemes to fix and avoid the accompanying losses induced from nanostructures that significantly affect device efficiency, and they can be classified into three groups: a) superior gains with minimal losses, by focusing on how to acquire superior optical and electrical gains, such as through the use of hierarchical architectures; b) reduced or eliminated optical/electrical losses, such as by passivation or modification of the nanostructure morphologies; and c) the aid of nanotechnology without accompanying optical/electrical losses, such as by avoiding carrier transport and collection via the nanostructures, and instead focusing on how to apply the optical or electrical improvement scheme in a way that does not result in performance tradeoffs.
In the following sections, we discuss these three design principles for improving solar cell technology.
Superior Gains with Minimal Losses: Hierarchical Architectures
In order to have high optical and electrical gains in solar cells, researchers have recently investigated hierarchical architectures more extensively. These designs feature a combination of nanostructures of different scales, materials, and electrical/optical properties, which enable researchers to integrate different advantages of various nanotechnologies to generate superior gains and minimal accompanying losses.
Multi-Scale Hierarchical Architectures
The AR properties of nanowires have been studied for some time. For example, researchers have found that total reflectance can be suppressed to lower than 1.49% if the nanowire array also employs rough, micro-scale nanowire/substrate interfaces, as opposed to generating surfaces that consist of purely long nanowires. [44] As a result, many researchers have studied these hierarchical structures made up of different scales. [28, 102, 103] For example, features consisting of micropyramids and 1.16 µm long nanowires suppress the total reflectance to 2.96% for wavelengths from 300 nm to 1100 nm, demonstrating a superior AR ability compared to surfaces that consist of just nanowires up to 40 µm in length. These longer nanowires also have a much higher aspect ratio than the hierarchical structures, which leads to a higher density of surface defects. [103, 104] A key optical benefit of hierarchical architectures stems from the combination of the multiple scattering effect of microstructures and the gradient of refractive index effect of nanostructures, which allows more photons to enter the device. Compared with surfaces that feature planar and micropyramidal features, those that have hierarchical structures show pronounced enhanced absorption. These structures are also able to generate a large absorption gain with small surface recombination loss, which is why researchers have introduced such hierarchical design into various solar devices. [28, 102, 103] Figure 8d compares the J-V characteristic curves of Si/PEDOT:PSS hybrid solar cells, featuring multi-scale hierarchical, micropyramidal, and planar structured surfaces. Researchers found that J SC is significantly enhanced for solar cells with multi-scale hierarchical structured surfaces compared to those with planar morphology (from 24.86 mA cm −2 to 34.46 mA cm −2 . Additionally, the enhancement of IQE reveals that hierarchical structures with radial junctions provide more efficient charge separation, transfer, and collection (Figure 8e ), which also contributes to J SC enhancement. The V OC of the Si/PEDOT:PSS devices made with various surface structures was in the range of 0.50 V to 0.53 V, with no significant decrease compared with planar Si/PEDOT:PSS devices, implying there was no significant electrical loss with the use of hierarchical structures after PEDOT:PSS passivation. Multi-scale hierarchical structures possess many of the same advantages as nanostructures, such as great AR performance and radial junction architectures, but minimize the disadvantages of nanomaterials, including high surface recombination velocity and non-conformal coverage of subsequently deposited layers (e.g., emitter layers and electrodes) due to high aspect ratios. These attributes help enhance the optical characteristics of solar cells while also leading to small electrical losses.
Hierarchical metal oxide structures are thought to be promising for DSSCs. An ideal photoanodes in DSSCs should simultaneously satisfy several major factors, such as a large surface for dye loading, a superior scattering behavior for enhanced www.advancedsciencenews.com light-harvesting, and a rapid transport and collection of the injected electrons to compensate the surface recombination loss. To fit these requirements, hierarchical architectures [105] and nanocrystallite aggregates [106] assembled on nanometersized structures and featuring sizes on the order of submicrometers, are promising architectures with the capability to enhance light scattering and carrier transport, and to provide high specific surface area. [106] Figure 8f shows hierarchical ZnO branch nanostructures. Branch nanostructures are amenable to deeply penetrate into the electrolyte and provide direct conduction pathways along the branches, enhancing carrier separation and carrier transport. Nanocrystallite aggregates with the feature size comparable to the scale of visible wavelengths are effective at scattering visible wavelengths to improve the light absorption. Moreover, aggregates can accelerate the electron transport in the photoelectrode due to the enhanced interconnection between different aggregates. [106] The DSSCs with a novel engineered multilayered stack photoelectrode as shown in Figure 8g , integrating three layers with different function, reach an efficiency of 11.01%. [107] The bottom TiO 2 nano wires layer provide a direct electron transport pathway through 1D nanowire; an intermediate layer with submicrometer-sized macroporous TiO 2 spheres are efficient for light-harvesting; and a top layer composed of hierarchical TiO 2 microspheres offer prominent AR and light-scattering ability. This engineered photoanodes with high degree of integrated functionality realize the concept of hierarchical design.
Multi-Material Hierarchical Architectures
In addition to hierarchical structures featuring a combination of different scales, many groups have investigated bi-material nanostructures to further improve both absorption and carrier transfer/collection properties. Hierarchical structures that combine multiple materials can broaden the absorption spectrum.
For example, researchers have shown that absorption can be improved by using resonators, but only under specific resonance conditions, which causes enhanced absorption of the solar cells for just a narrow range of wavelengths. [108] In contrast, bi-metallic nanostructures (e.g., Au/Ag coreshell architectures) possessing multipolar plasmon resonances result in enhanced absorption for a broader spectrum of light (Figure 4d ). [109] [110] [111] For example, Au/Ag nanocubes have a stronger field enhancement compared with Au nanocubes alone, and the light scattering ability of these Au/Ag nanomaterials is nearly 10-times higher than that of Au nanocubes. It was found that the presence of the Ag shell enhanced light scattering and synergistic plasmonic coupling with the Au core. [112, 113] In addition, to improved absorption, incorporation of multiple semiconductor materials may facilitate better carrier collection, such as by using a cascade energy band structure. For example, QD-sensitizers, such as those made of CdS and CdSe, have shown good performance in this respect. Of the two QDs, CdS has a higher conduction band edge with respect to that of TiO 2 , which is advantageous for the injection of excited electrons from CdS to TiO 2 . However, the bandgap of CdS (2.25 eV in bulk and 2.38 eV in QDs) [114] limits its absorption range (Figure 9a) . In contrast, CdSe has a wider absorption range, which can be extended to 720 nm, but the electron injection efficiency is less than CdS because its conduction band edge is located below that of TiO 2 (inset (a) in Figure 9b ). [115] When researchers take advantage of both of these materials, in terms of their light harvesting and electron injection ability, they were able to achieve an energy conversion efficiency as high as 4.22% by engineering the band diagram and broadband absorption (Figure 9c ). [114] From the absorption and IQE results in Figure 9a ,b, it is clear that the cascade structure of CdS/CdSe QD co-sensitizers significantly improves the light absorption and carrier transfer/collection efficiency better than for a single material QD system alone. Furthermore, to combine these [102] Copyright 2013, American Chemical Society. f) Tilted-view SEM image of hierarchical ZnO branch nanostructures. Reproduced with permission. [105] Copyright 2011, American Chemical Society. g) Cross-sectional SEM image view of three-layer stacking of TiO 2 photoanodes. Reproduced with permission. [107] Copyright 2014, American Chemical Society.
www.advancedsciencenews.com two materials into core/shell heterostructures provides spatial separation of the charge carriers, which enables faster carrier transfer from the QD sensitizer to the oxide matrix. [116] [117] [118] Bisquert's group investigated different materials of core-shell QDs in solar cells to expand the light-harvesting range, accelerate charge separation, and retard charge recombination (Figure 9d,e) . Their results revealed that based on advanced design of QDs, both J SC and V OC can be simultaneously improved (Figure 9f ). [116, 119] 
Hierarchical Architectures Based on the Combination of Optical/Electrical Promotion Schemes
To combine different light-trapping or electrical promotion schemes is the next step to further boost energy conversion efficiency. Researchers have investigated many configurations of hierarchical structures with different optical/electrical promotion schemes, such as metallic gratings + metallic nanoparticles, [111] traditional AR coatings + AR nanostructures, [46, 120] AR nanostructures + scattering structures, [121] AR nanostructures + colloidal QDs, [122, 123] and diffraction nanogratings + distributed Bragg reflectors. [124] By combining the multiple advantages of different structures, the optical or electrical properties of the device can be greatly improved.
The two major fundamental energy losses in solar cells, i.e., thermalization of carriers generated by high-energy photons and the inability to absorb low-energy photons, can be reduced by using multi-junctions or upconverters and downconverters to better utilize more energy from the whole solar spectrum (Figure 10a) . In simulation, by employing upconversion combined with MEG, the light-harvesting range of solar cells can be extended to the UV and NIR windows (Figure 10b) . Figure 10c shows a simulation of energy conversion efficiency of solar cells with 100% efficient upconversion and MEG. [125] The maximum photovoltaic conversion efficiency under these conditions is 49%, which is ≈1.58 times higher than the maximum conversion efficiency for a single-bandgap solar cell (≈31%). In an MEG system (dashed black curve), the significant improvements above the Shockley-Queisser limit for low-bandgap materials indicates that at low light intensities high-energy incident photons are very efficiently downconverted into two lower energy photons. In contrast, for large band-gap materials the calculations for the MEG system converge toward the ShockleyQueisser limit because the number of photons in the solar spectrum with energies larger than twice the bandgap energy becomes negligibly small. [66] In an upconversion system (solid gray curve) the maximum conversion efficiency shows the opposite behavior compared with the MEG system, because the number of photons in the solar spectrum with energies lower than twice the small bandgap energy of 1 eV is negligibly small. Therefore, upconversion combined with the MEG system makes efficient use of the full solar spectrum.
To summarize, hierarchical configurations can provide multiple optical and electrical advantages in solar cells. By combining the benefits of different light-harvesting structures, www.advancedsciencenews.com researchers can develop cost-effective thin solar cells with high broadband absorption and highly efficient energy harvesting characteristics. There are still many more hierarchical structures that researchers can explore to further improve device performance.
Reduced or Eliminated Losses
In addition to our focus on acquiring superior optical and electrical gains to achieve efficient solar cells, it is important to learn how to reduce and eliminate the accompanying losses caused by the utilization of nanostructures. Here, we summarize several methods to reduce or eliminate the major accompanying losses of recombination in nanostructured solar cells. First, nanostructure morphology can be modified to control surface recombination by reducing light-trapping surface roughness. Second, interface engineering can be used to passivate surface defects, which is an essential requirement for the development of efficient nanostructured solar cells.
Modifying Final Morphologies of Nanostructures
Surface recombination in nanostructures is directly related to surface morphology. Most nanostructure surfaces feature some form of damage or atomic-scale roughness produced during the fabrication process. For example, it was found that significant surface damage is introduced when researchers employ dry etching in nanomaterial syntheses. [126] In another example, in order to fabricate black Si by metal-assisted chemical etching, the randomness of lateral oxidation and the dissolution/re-deposition of metal nanoparticles on the surface due to the redox of the metal can contribute to the atomic-scale roughness of the material's surface. An atomically rough surface is useless for light harvesting and causes more surface defects due to the increase in surface area, which is difficult to passivate and detrimental for carrier collection.
In order to reduce surface recombination and maintain good light-trapping characteristics, it is important to remove these surface defects by adjusting the material's morphology. For example, a post-chemical-etching procedure is one of the most common methods of modifying the final structure. [127] [128] [129] [130] The purpose of this second chemical-etching step is to remove surface damage and contamination by creating atomically smooth surfaces for reduced surface recombination losses in solar devices that utilize these materials. For example, Wang et al. proposed a chemical polishing etching (CPE) treatment on c-Si/a-Si heterojunction solar cells that utilized multi-scale hierarchical structures. [103] By applying the CPE treatment to these materials, the authors were able to create atomically smooth and contaminant-free surfaces, which were better primed for the subsequent deposition of ultrathin a-Si:H. The researchers characterized the carrier lifetime and morphology of the CPE-treated material (Figure 11 ) and noticed that a much thinner a-Si:H layer (≈3.16 nm) was observed on the rough surfaces of the as-fabricated hierarchical Si (Figure 11b ) as compared to the 5 nm thick a-Si:H layers obtained on the hierarchical Si surface after CPE treatments removed defects (Figure 11c) . The difference in the thickness of the a-Si:H layers was attributed to the growth of epitaxial Si (epi-Si) on the surfaces fabricated without CPE treatments. The epi-Si is defective and has rough interfaces, which dramatically reduces the field-effect passivation ability of a-Si:H and results in significantly decreased effective carrier lifetimes (Figure 11a ). [131] Minority carrier lifetime measurements are very sensitive to both surface damage introduced by different etching mechanisms and electronic defects caused by process contamination. After the CPE treatment, the carrier lifetime recovered to almost the same value as the micropyramidal surface (which is the structure of typical commercial Si heterojunction solar cells with high V OC ) due to the formation of the abrupt and . This photon will be reflected back to the semiconductor, where it can now create an electron-hole pair. c) A detailed efficiency balance as a function of the semiconductor bandgap, assuming 100% MEG and upconversion efficiencies. Reproduced with permission. [125] Copyright 2008, Elsevier.
www.advancedsciencenews.com defect-free a-Si:H/c-Si interface, which acts as a high quality passivation layer.
This concept of modifying the morphology of the nanostructured active layer has been employed in various solar devices to achieve high performance. He et al. demonstrated hierarchical bowl-like nanopores on a Si/organic hybrid heterojunction solar cell. The atomically smooth surface combined with a conformal coating of the polymer film was beneficial for reducing surface recombination. With this morphology a power conversion efficiency of up to 13.6% (air mass 1.5G radiation) was achieved for a Si/organic hybrid solar cell featuring a c-Si thickness of only ≈20 µm. [132] Oh et al. analyzed recombination losses associated with nanostructures and reported an efficiency of 18.2% for nanostructured Si solar cells without an AR coating simply by controlling carrier recombination via morphology modification by post-chemical etching and doping control. [130] 
Interface Engineering: Passivation
Passivation is an especially important part of the fabrication process of these nanostructured solar cells, due to the extensive interfacial areas that can result in significant surface recombination losses. Due to the high aspect ratio of nanostructures, the carrier diffusion length in these materials is highly dependent on the surface recombination rate. For example, Kelzenberg et al. demonstrated using scanning photocurrent microscopy that the diffusion length of Si nanowires is only ≈2 µm, which is far shorter than that of bulk Si (tens of micrometers). [133] Surface recombination can be passivated in several ways, including by means of chemical or field-effect processes, or some combination of both. [134] [135] [136] Chemical passivation can reduce the high density of defects (carrier traps), which is typical of nanostructure interfaces. Field-effect passivation uses an electric field at the interface to introduce a barrier to prevent minority carriers flowing back to the surface, thus electrostatically shielding carriers from potential defects and decreasing the surface recombination velocity.
TiO 2 nanostructures are important materials used in perovskite, dye or QD-sensitized solar cells. Figure 12 shows examples of how carrier recombination can be controlled in QD-sensitized solar cells via passivation. To suppress charge recombination in sensitized cells, researchers have tried coating the mesoporous oxide electrode with a thin layer of inorganic barrier material featuring a wide bandgap. [137] Such inorganic coating layers basically act as energy barriers to prevent recombination of photogenerated electrons in the nanostructured oxide with holes residing in the hole conductor (e.g., electrolyte). [138, 139] Zaban's group systematically examined recombination by studying the effects of a conformal MgO coating at the different interfaces within a QD-sensitized solar cell (Figure 12a) . [140] The electron lifetime and recombination behavior under V OC conditions can be investigated using transient photovoltage (TPV) measurements (Figure 12b ). The authors found that although recombination at the QD/electrolyte interface is the most sensitive towards defects, passivation of the interface between TiO 2 and the QDs is also necessary to significantly improve the conversion efficiency of the solar device.
Researchers have also shown that TiCl 4 treatment of TiO 2 nanostructures can have a significant impact on recombination and the surface electric field. The charge stored in TiCl 4 -treated DSSCs can be twice that of those without treament. An increase in stored charge at V OC indicates an increase in the occupied trapping states for the given Fermi level in the TiO 2 . Figure 12c shows an 85 mV leftward shift of the trapping state distribution at the Fermi level. A change in the surface charge on the TiO 2 leads to a change in the electric field across the TiO 2 /electrolyte interface. This passivation effect is assumed to be caused by the creation of a new TiO 2 surface via the TiCl 4 treatment. [141] Multilayer passivation provides another way to further explore the possibilities of improving the passivation effect. Zhong's group demonstrated a double passivation coating by sequentially depositing ZnS and SiO 2 layers on the QD-sensitized photoanode. Both layers act as energy barriers to prevent recombination of photogenerated electrons in the nanostructured oxide. Moreover, the double barrier layers form compact SiS, OZn bonds at the SiO 2 /ZnS interface that terminate all the exposed Zn and S surface atoms, demonstrating good chemical passivation. Impedance spectroscopy results showed that the chemical capacitance was invariant with the inorganic capping layer, however, collection efficiency was improved using a double Figure 11 . a) Effective carrier lifetime as a function of the minority carrier density for the micropyramidal and hierarchical structures with different CPE durations. High-resolution transmission electron microscopy images after a-Si:H deposition, taken near the edge of the individual nanowire on hierarchical structures b) without and c) with the CPE treatment. Reproduced with permission. [103] Copyright 2013, American Chemical Society.
www.advancedsciencenews.com inorganic capping coating as compared to a conventional single ZnS coating (Figure 12d-f) . The authors were able to boost the energy conversion efficiency from 6.37% to 8.37% using this optimized double barrier treatment due to its strongly inhibiting interfacial recombination effect (Figure 12g ). [137] Using such interface passivation treatments in combination with optical improvements can lead to concurrent gains in both electrical and optical properties of nanostructured solar cells.
Nanotechnology without Accompanying Optical/Electrical Losses
Depending on how nanostructures are used in solar cells, it is possible to avoid the losses that are typically thought to accompany these materials. Special device architectures and the use of nanomaterials on the exterior of the solar cell can provide the gains that nanotechnology promises without the necessary drawbacks that have otherwise prevented the use of these materials in third-generation solar devices.
Device Architecture Engineering
Thin nanostructured solar cells suffer severe Auger and surface recombination effects, thus normally yielding <50% EQE for short-wavelength light. [130] InP, which has a low surface recombination velocity, should be an ideal material for high efficiency nanostructured solar cells. However, its solar efficiency is still lower than that of planar InP homojunction solar cells, which use traditional AR coatings, indicating just how great an impact nanostructures can have on electrical losses and thus the overall device performance. [99, 142] Engineering new solar device architectures provides a promising way to exclude the severe surface and Auger recombination effects that compromise nanostructured materials. For example, IBC design has been used to improve efficiency for thick Si solar cells for some time. Its benefits might be even more significant in nanostructured thin solar cells due to the severe Auger and surface recombination effects that occur on the front surface of the device, particularly for short-wavelength light, which is absorbed within 2 µm of the nanostructured Si surface. [143] Using an all-back-contact design, photocarriers can be collected without suffering the negative impacts of deep junction depth, heavy doping, and increased surface area, which otherwise occurs in nanostructured solar devices with front-contact design.
For example, Jeong et al. demonstrated novel architectures that take advantage of nanotechnology without the accompanying losses in their unique thin Si solar cell, which used an AR nanostructured front surface and all-back-contact design (Figure 13) . With AR nanocone arrays, the absorption of 10 µm thick Si was competitive with that of AR coated 500 µm thick Reproduced with permission. [138] Copyright 2015, American Chemical Society.
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planar Si (Figure 13b ). Moreover, due to the all-back carrier collection design, the EQE of these ultra-thin devices was more than 80% for short-wavelength light, which is superior to that of any other nanostructured Si solar cell (Figure 13c ). Their J-V characteristic curves also show that the nanostructures no longer limit the fill factor and V OC due to the use of the allback carrier collection design. The authors only observed optical gain (i.e., J SC enhancement) contributed from the use of nanostructures. [144] Harris's group developed a partial planar top-contact design (e.g., mesa top-contact) for nanostructured solar cells, completely separating the carrier collection area (e.g., metal contact) from the nanostructured region, which is a similar concept to the all-back-contact design (Figure 13e ). This new mesa top-contact features small and high quality planar junctions, which helps to avoid recombination of photocarriers at the nanostructured surfaces, resulting in a high shunt resistance. A nanostructured AR window layer combined with a metal mesa bar contact provides not only the enhanced light absorption of the active layers of the solar cell, but also minimizes their negative impact on the electrical properties, thus achieving 17% energy conversion efficiency for a GaAs solar cell, which is the highest reported efficiency among all III-V nanostructured solar devices. [145] By developing and implementing new device architectures in nanostructured solar cells, there can be significant improvement in light-harvesting by these materials to contribute to the conversion efficiency without accompanying electrical losses. For example, a power conversion efficiency of 13.7% was achieved for a >10 µm thick Si nanostructured solar cell, [144] and recently a record efficiency as high as 22.1% was achieved on 280 µm thick nanostructured Si solar cells using the all-backcontact concept, [9] demonstrating that it is possible to solve the Auger and surface recombination problems in nanostructured solar cells, which gives them real commercial potential.
Nanostructure Layers on the Solar Device Exterior
Additional AR nanostructured coatings when applied to the outer side of the solar cell can be highly effective as they do not affect the internal morphology of the active layer, and thus do not introduce added electrical losses. For example, nanostructures on the packaging glass of solar devices can contribute both increased AR properties and a self-cleaning effect. Si solar cells that were coated with hierarchically structured packaging glass exhibited enhanced conversion efficiency by 5.2% at normal incidence. The efficiency increased up to 46% at an incident angle of 60°. After 6 weeks of outdoor exposure, 98.8% of the efficiency was maintained, indicating that the nanostructured surface effectively repelled polluting dust/particles via the self-cleaning effect. [146] Tavakoli et al. proposed a flexible PDMS nanocone array attached to the front surface of glass on a perovskite solar cell to improve the optical transmittance and to achieve a hydrophobic effect at the same time. The device performance was improved from 12.06% to 13.14% by adding this nanocone AR film, which had a water contact angle of up to 155°. [147] For all of these studies, no V OC or fill factor losses were observed. [46, 120, [148] [149] [150] 
Conclusion and Outlook
In conclusion, we have systematically discussed the challenges encountered in the development of photovoltaics based [144] Copyright 2013, Nature Publishing Group. e) A schematic illustration of the nanostructured solar device with a mesa contact. Reproduced with permission. [145] Copyright 2013, American Chemical Society.
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Adv. Energy Mater. 2017, 7, 1602385 on nanostructures. We have also cultivated rational and precise scientific approaches to these problems. Nanotechnology is a powerful tool for significantly improving light absorption and carrier collection of solar cells. However, it has been found that the utilization of most nanostructures causes unavoidable accompanying optical or electrical losses, such as by surface recombination, which detracts from improvements made in light absorption and carrier collection efficiency, and thus overall performance. Therefore, the current efficiency of nanostructured solar cells remains lower than that of first-and second-generation devices.
Here, we suggest three steps to achieve highly efficient nanostructured solar cells for third-generation devices by using concurrent optical and electrical engineering approaches. First, understanding the fundamental thermal, optical and electrical losses in conventional solar cells is necessary to establish the initial guidelines for better device design. Second, researchers must also understand accompanying losses associated with different nanotechnologies, and in response, propose potential solutions in order to promote both optical and electrical properties simultaneously. Third, based on a concurrent optical and electrical design, solar efficiency enhancement can be achieved by: a) adding superior efficiency gains with minimal optical/electrical losses; b) reducing or eliminating optical/electrical losses; and c) incorporating nanotechnology in the way without causing accompanying optical/electrical losses.
In order to achieve superior gains with minimal losses, two or more nanostructured components can be combined to construct hierarchical architectures. These kinds of architectures have exhibited excellent optical and electrical properties in a multi-functional fashion. The accompanying losses of these nanomaterials must be controlled in solar cells to entirely increase the efficiency. Researchers have shown it is possible to reduce losses from charge recombination, carrier trapping, parasitic absorption, and optical reflections by choosing appropriate materials and using interface engineering.
Finally, if the incorporation of nanotechnology into the active material of solar cells is not possible without the resulting loss of efficiency, device performance can still be improved by engineering nanomaterials on the outside of the device architecture to benefit from the advantages of these materials without necessarily the accompanying losses.
We summarize the progress of nanostructured solar devices with an emphasis on concurrent optical and electrical engineering. Establishing these design rules will help improve the rational employment of nanotechnology in solar cells to make them more competitive in the energy market. With the development of solar nanotechnology using concurrent optical and electrical engineering approaches, we are confident that the goal of third-generation photovoltaics will soon be reached.
